Abstract
INTRODUCTION
Papaya ringspot virus-watermelon strain (PRSV-W, formerly Watermelon Mosaic Virus-1=WMV-1) is a potyvirus that affects all of the cultivated species of Cucurbitaceae, achieving great economic importance because of its destructiveness. The virus is transmitted in a non-persistent manner by numerous species of aphids, including Myzus persicae and Aphis spp. (Bateson et al. 2002) . It has become one of the most limiting pathogens to cucurbit crops in warm climate countries as Brazil, where aphids can easily survive throughout the year. Symptoms vary from chlorotic spots and mosaic to distortions, mainly in apical leaves. Flower malformation and fruit inhibition can be observed as well. More severe symptoms on fruit are caused by the virus as responsible of high economic damage Virus incidence is related to aphid population density. Strategy to limit PRSV-W infection is the use of insecticides to eliminate the virus vectors. However, before insecticide treatment become effective, aphids may still be able to transmit the virus. Chemical treatments and light-reflective mulches also proved to SM Azevedo et al.
be inefficient for viral disease control. Cross protection with mild strains of the virus has been tested with some success (Rezende and Pacheco 1998) , but it needs further studies to be recommended to farmers, due to possible synergistic effect when the plants are infected by more than one virus. Genetic resistance is the ideal virus control strategy (Fraser 1992) , both economically and environmentally.
Accessions with PRSV-W resistance have been identified in many cucurbit crops, inheritance mechanisms have been elucidated, and resistant cultivars have been released (Maluf and Sousa 1984 , Wang et al. 1984 , Maluf et al. 1985 . PRSV-W resistance is controlled by a single dominant gene in cucumber (Wai and Grumet 1995) and a single dominant gene in melon (Pitrat and Lecoq 1983) . In C. maxima resistance to PRSV-W is controlled by three partially-dominant genes (Maluf et al. 1997) .
However, PRSV-W resistance studies in watermelon are fewer than in other cucurbit species. Strange et al. (2002) performed the most extensive screening of watermelon germplasm collection from the USDA and reported PRSV-W resistance in three PI accessions from South Africa (PI 244017, PI 244018, PI 244019), in three PI accessions from Zimbabwe (PI 482342, PI 482318, PI 482379), one accession from Botswana (PI 485583) and one accession from Nigeria (PI 595203). All of the resistant accessions except PI 595203 are C. lanatus var. citroides, whereas PI 595203 is C. lanatus var. lanatus. Araújo and Souza (1988) identified the watermelon accession 'Ouricuri' as a source of PRSV-W resistance. This line was used in crosses with the susceptible cultivar Charleston Gray, and a resistant line was subsequently obtained. Hojo et al. (1991) identified an African bitter-fruited watermelon accession BT-8501 that was supposed to be resistant to PRSV-W, based on absence of leaf symptoms after mechanical viral inoculation. Leaf crude extract of the symptomless 'BT-8501' inoculated onto susceptible Cucurbita pepo 'Caserta' produced marked viral disease symptoms, indicating that 'BT-8501' probably induces a tolerant reaction type to PRSV-W infection. Nascimento et al. (2011) reported a high level of resistance in the accession PI 595201 to an isolate of PRSV-W from watermelon producer regions of the state of Tocantins, Brasil. No reports on the mode inheritance of PRSV-W resistance were made in any of these studies.
In preliminary studies, made at the Universidade Federal de Lavras-UFLA, Lavras-MG, Brazil, a number of watermelon accessions were released as being resistant to the related potyvirus Watermelon Mosaic Virus (WMV). One of these lines -PI 595201-was also resistant to PRSV-W. The mode of inheritance of this resistance was not previously known, and is reported in this paper.
MATERIALS AND METHODS

Plant material
The experiments were performed at the Universidade Federal de Lavras, Lavras, MG, Brazil (lat 21º 13' 17" S, long 45º 57' 47" W and alt 918 m asl) in the summer of 2000. Two watermelon [Citrillus lanatus (Thunb.) Matsum. and Nakai] genotypes were used as parental in crosses designed to study the inheritance of PRSV-W resistance: the cultivar Crimson Sweet, traditionally cultivated in Brazil and susceptible to PRSV-W) and 'PI 595201', a not marketable accession resistant to PRSV-W obtained from USDA -US Vegetable laboratory, Charleston, SC, USA.
The F 1 generation were obtained by controlled pollinations among the two parents, Crimson Sweet (P 1 ) and PI 595201 (P 2 ), and F 1 (P 1 x P 2 ) plants were subsequently selfed and backcrossed to both parents in order to obtain generations F 2 , BC 11 (F 1 x P 1 ) and BC 12 (=F 1 x P 2 ).
Viral isolate and inoculation procedures
A Brazilian isolate of PRSV-W (identified at the Department of Plant Pathology of Universidade Federal de Lavras, Lavras, MG, Brazil) was maintained in plants of Cucurbita pepo cultivar 'Asmara' in a greenhouse. Inoculum was obtained from these plants showing severe mosaic and foliar deformations, by maceration of symptomatic leaves (10 g) in 90 ml of 0.01 M phosphate buffer pH 7.0 with 0.1 % sodium sulfite (Della Vecchii and Ávila 1985 , Maluf et al. 1985 , Oliveira et al. 2003 .
Plants of the generations P 1 , P 2 , F 1 , F 2, BC 11 e BC 12 were grown in styrofoam trays filled with a commercial substrate mix. First inoculation was made on the cotyledonary leaves of watermelon plants previously sprayed with 400 mesh carborundum, and a second inoculation was performed 5 days later on true leaves. Plants were evaluated by recording symptoms starting 35 days after the first inoculation, and repeated at two subsequent 7day intervals (42 and 49 days after first inoculation). Severity of viral symptoms of each plant was rated using a scale from 1 to 5 (adapted from Oliveira et al. 2003) , as follows: 1= no visible symptoms; 2= majority of leaves with mild symptoms, mostly vein clearing or sparse chlorotic spots; 3= majority of leaves with mosaic; symptoms varying from vein clearing to sparse chlorotic spots to chlorosis in up to 50 % of the leaf area; 4= almost all leaves with severe mosaic; coalescence of chlorotic areas, reaching up to 50 % of the leaf area; 5= almost all the leaves with severe mosaic; at least one leaf with more than 50 % of its area affected or severely distorted.
Evaluation of plant symptoms to PRSV-W
Estimates of genetic and phenotypic parameters
Means and variances of score data obtained from P 1 , P 2 , F 1 , F 2 , BC 11 e BC 12 were used to estimate genetic ( ), enviromental ( ), phenotypic ( ), additive ( ) and dominance ( ) variances, and estimates of broadsense ( ) and narrow-sense ( ) heritability of PRSV--W resistance, according to Mather and Jinks (1977) .
The additive [a] and non-additive [d] genetic effects that controls the resistance were estimated from generation means by the method of weighted least square (Mather and Jinks 1977) . Also the average degree of dominance (ADD) and the minimum number of genes (h) controlling the resistance were estimated (Mather and Jinks 1977) . The software SAS (Statistical Analysis System) was used in analysis (SAS Institute 2005).
Distribution of frequencies and test for the hypothesis of monogenic inheritance
The distribution of frequency of plants, based on scores for reaction to PRSV-W, were obtained for the parental Crimson Sweet (P 1 ) and PI 595201 (P 2 ), and also for the generations F 1 , F 2 , BC 11 e BC 12 . Data were used to test hypotheses of monogenic inheritance under different presumed average degrees of dominance (ADD), as described by Gomes et al. (2000) : a truncation point (TP) was established, above which were located most of the P 1 (Sweet Charlie) plants and below which were most of the P 2 (PI 595201) plants. The TP chosen was a score of 2 (TP=2). The assumptions and procedures used in this test are summarized as follows:
a) The data (scores = phenotypes) from all generations (P 1 , P 2 , F 1 , F 2 , BC 11 , and BC 12 ) were assumed to have a normal distribution;
b) The true means and variances of P 1 and P 2 were assumed to be equal to respective estimates obtained from experimental data; c) Based on respective normal distribution, were estimated the expected frequencies of plants for P1 and P2 generations with scores less than or equal to the assumed truncation point (TP=2);
d) The true mean of F 1 generation was admitted to be , where ADD is the presumed average degree of dominance under consideration. The true variance of the F 1 population was assumed to be equal to the respective variance from the experimental data. e) Based on normal distribution of the F 1 population, were estimated the expected frequencies of plants for F 1 with score values TP; f) Under the hypothesis of monogenic inheritance, the expected frequencies of plant for F 2 PT were calculated as the weighted average of the expected frequencies in P 1 , F 1 and P 2 , with weights 1:2:1, respectively; g) Under the hypothesis of monogenic inheritance, the expected frequencies of plant for BC 11 and BC 12 PT were calculated as the weighted average of the expected frequencies in P 1 and F 1 , with weights of 1:1, respectively for BC 11 ; and the weighted average of the expected frequencies in F 1 and P 2 , with weights of 1:1, respectively for BC 12 ;
h) The expected number of plants TP obtained for P 1 and P 2 (as estimated in "c"), F 1 (as admitted in "d" and "e"), F 2 (as calculated in "f"), BC 11 and BC 12 (as definited in "g"), were calculated by multiplying the expected frequencies by the total number of plants tested per generation, getting the expected frequencies of plants TP, under the hypothesis of monogenic inheritance with the considered average degree of dominance ADD;
i) The expected number of plants in P 1 , P 2 , F 1 , F 2 , BC 11 and BC 12 TP was compared with their respective SM Azevedo et al.
observed values in each generation. The significance of the deviations was estimated with a chi-square test ( 2 ), with four degrees of freedom, as the expected frequencies of P 1 and P 2 were added in order to avoid expected frequencies equal to zero; j) Significant 2 values would lead to rejection of the hypothesis of monogenic inheritance under the presumed degree of dominance. On the other hand, nonsignificant 2 values would lead to the acceptance of such a hypothesis. The values of 2 for each ADD assumed were plotted against their respective hypothetical ADDs. The range of ADD values for which 2 values fell below the critical = 0.05 value represented the ADD range for which the hypothesis of monogenic inheritance could not be rejected.
Genetic inheritance models and hypothesis tests of maximum likelihood
Estimates of genetic parameters and their tests based on maximum likelihood method were obtained according to Gonçalves et al. (2004) and Rezende et al. (2004) , considering data from third evaluation, to test the hypothesis of monogenic inheritance and/or the presence of polygenic loci controlling PRSV-W resistance. For the analyses, the full genetic model assumed a major gene with additive and dominance effects, and polygenes, also with additive and dominance effects. From the complete genetic model, simpler models containing less parameters were generated (Table 2) . Environmental variances were considered equal for all generations, and gene segregation was considered independent (both major genes and polygenes). Hypotheses tests of the genetic parameters were performed based on the likelihood ratio between two models (Gonçalves et al. 2004 ). The tests were performed using the statistical software "Monogen v.0.1".
RESULTS AND DISCUSSION
Estimates of genetic and phenotypic parameters
Best results occurred in the third evaluation (49 days after first inoculation), in which the symptoms were clearly visible, allowing a more accurate assessment (Table 1) . Also the errors associated with heritability in the third evaluation were 5 % and 19 % for and, respectively, indicating higher reliability of the parameters, while at the first evaluation these errors were 25 % and 210 % (Table 1) . Thus, greater emphasis was given to the results of third evaluation.
The additive component [a] was higher than the non-additive [d] in the three evaluation times (Table 1) . Estimates of ADD ranged from 0.5801 (indicative of incomplete dominance in the direction of great resistance to PRSV-W) in the first valuation date, to value close to zero (0.0863) in the last evaluation (Table1), indicating additive gene action.
The highest estimate of the broad-sense heritability (0.80) was obtained at third evaluation ( Table  1 ), indicating that the genetic variance was greater than the environmental and that resistance to PRSV-W was little influenced by the environment, thus it was ideal to discriminate the genotypes. High estimated value for broad sense heritability agrees with the results of Vieira et al. (2010) .
Estimate of narrow-sense heritability (0.67) in the third evaluation was near to that found for the broadsense heritability (0.80) (Table 1) (Table 1) , indicating oligogenic or polygenic inheritance of the resistance.
Similar results regarding the type of inheritance to PRSV-W resistance were related by Maluf et al. (1985) in squash (Cucurbita maxima Duch), where resistance was also controlled by gene(s) with predominantly additive action. Maluf et al. (1997) related that the resistance to PRSV-W in squash (Cucurbita maxima Duch), lines ABL-10 and Redlands Trailblazer, is tolerance type and appears to be oligogenic. They observed that at least one of the loci involved in resistance of ABL-10 and Redlands Trailblazer is not common to both. Some susceptible plants occurred in F 2 and BC 11 (transgressive segregation) in the cross between resistant parents Redlands Tralblaser x ABL-10, indicating the non-allelism of resistance genes.
On the basis of our results, the resistance to PRSV-W of the accession PI 595201 is also a tolerance type, because inoculum obtained from previously inoculated plants of PI 595201 plants was able to cause severe symptoms in plants of Cucurbita pepo cv. Asmara. Thus, plants of PI 595201, though not showing 71 symptoms, are able to keep the viruses, but its multiplication rate appears to be small. For example, 23 days after inoculation, 100 % of 'Asmara' plants showed symptoms (notes = 5.0) when the inoculum was from 'Crimson Sweet', while only 20 % of 'Asmara' plants were symptomatic (notes = 5.0) when the inoculum was from PI 595201, indicating the difficulty in virus multiplication in plants of PI 595201. There was a slow increase in proportion of symptomatic plants of 'Asmara' inoculated from PI 595201, and 40 days after inoculation, there was only 50 % of symptomatic plants. Similar results on effects of tolerance induction to PRSV-W were related in other cucurbits by other authors Souza 1984, Maluf et al. 1997) . Sittolin et al. (2000) reported that the resistance of watermelon 'BT 8501' to ZYMV and WMV was also oligogenic, like to PRSV-W resistance in the present study. Apparently, resistance to ZYMV and WMV in BT 8501 was controlled by the same genes. ), phenotypic ( ), additive ( ) and dominance ( ) variances, and broad ( ) and narrow-sense ( ) heritabilities, and estimated number of genes ( ) for resistance to PRSV-W in watermelon SM Azevedo et al.
Since ZYMV, WMV and PRSV-W are Potyvirus, and both the present results as those of Sittolin et al. (2000) reported similar estimates for the number of genes, it would be interesting to speculate on possible allelism relationships among genes controlling resistance to PRSV-W in PI 595201 and those that control resistance to ZYMV and WMV, as the possible effects of genes controlling resistance to PRSV-W in PI 595201 in order to also confer resistance to ZYMV and WMV.
Test of the hypothesis of monogenic resistance to PRSV-W in watermelon
The phenotypic distribution of frequencies of generations P 1 , P 2 , F 1 , F 2 , BC 11 and BC 12 at third evaluation indicate that the inheritance of the resistance to PRSV-W on watermelon seems to be oligogenic or poligenic (Figure 1) . The method used to test the hypothesis of monogenic inheritance was previously used by other authors (Gomes et al. 2000 , Oliveira et al. 2003 , Menezes et al. 2005 . The values of 2 related to Table 2 . Genetic inheritance models and theirs parameters in the analysis of generations P 1 , P 2 , F 1 , F 2 , BC 1 and BC 2 according to Rezende et al. (2004) and Chi-square values ( 2 ) for hypothesis tests of hierarchical genetic models about inheritance of the resistance to PRSV-W in watermelon m: cross mean; A: additive effect of the major gene; D: dominance effect of the major gene; [a] : additive effect of the polygenes; [d] : dominance effect of the polygenes; V A : polygene additive variance; V D : polygene dominance variance; S AD : sum of products of additivedominance effects products; 2 : environmental variance. * negative value, probably due to convergence problems the hypothesis of monogenic inheritance were significant for all average degrees of dominance assumed in the two initial evaluations, as also for the third evaluation (Figure 2 ). This leads to the rejection of the hypothesis of monogenic inheritance for the resistance.
Resistance to PRSV-W in watermelon seems to be controlled by more than one gene. There are probably two to three loci involved in resistance control, according to estimate obtained in the third evaluation (Table 1) . The number of genes and the predominantly additive mode of action are in accordance with results obtained by other authors (Maluf and Sousa 1984 , Maluf et al. 1985 , Herrington et al. 1989 , Maluf et al. 1997 ) that studied the inheritance of resistance to PRSV-W in other cucurbits, such as C. maxima, C. ecuadorensis e C. moschata (Oliveira et al. 2003) .
Tests of genetic models using likelihood functions
For data from the third evaluation date, the significance of hypothesis tests for the likelihood ratio between models 1 and 9 (Table 2) indicates that both a major gene and polygenes are involved in the control of the character, whereas the non-significance of the test for comparisons between models 1 and 4 (Table 2) indicate that neither for the major gene nor for the polygenes were dominance effects important. The importance of additive effects both for the major gene and for the modifier polygenes were further reinforced by the significance of the comparisons between models 4 vs 6 and 4 vs 8 ( Table 2 ). The importance of the additive genetic effects in the expression of resistance to PRSV-W can be further emphasized by the fact that F 1 (3.4458) and F2 (3.0182) generation means were close to the mean of the parents (3. 0118) in the third evaluation, ant that the estimated average degree of dominance was close to zero (Table 1) .
The combining findings of the test of monogenic inheritance and the maximum likelihood point out a mode of inheritance that is more complex than could be expected from a typical monogenic inheritance. Even though the maximum likelihood tests indicate that a locus with major genetic effects is present, that locus alone could not account for all the genetic variation. This conclusion is in accordance with the findings of of the monogenic inheritance test and does not contradict the estimates obtained for the number of genes involved (Table 1 ). 
Herança da resistência ao
